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FOREWORD

The Federal Motor Carrier Safety Administration (FMCSA) revised the definition of “tank
vehicle” in 2011 to include any commercial vehicle transporting tanks (such as intermediate bulk
containers, or IBCs) of liquids or gases with an aggregate capacity of 1,000 gallons or more. The
revision of the definition of “tank vehicle” requires that a person driving a commercial vehicle
carrying an aggregate of 1,000 gallons or more in IBCs must hold a commercial driver’s license
(CDL) with a tank vehicle (N) endorsement. For more than 5 years, drivers transporting 1BCs
with an aggregate capacity of 1,000 gallons or more have been required to have a tank vehicle
(N) endorsement on their CDL.

This project, which produced technical information to be considered in deciding whether to
amend the rule, included engineering modeling and testing to ascertain whether the slosh
characteristics of IBCs aggregated to 1,000 gallons or more are similar to a single cargo tank of
the same capacity. Liquid sloshing generally refers to the transient movement of liquid within a
confined space. Slosh, like any load shift, can make a motor vehicle more difficult to control.
Slosh can be in the fore-aft direction (i.e., front-to-back), from braking or accelerating, or in the
lateral direction (i.e., side-to-side), from cornering or turning.

NOTICE

This document is disseminated under the sponsorship of the U.S. Department of Transportation
(USDOT) in the interest of information exchange. The U.S. Government assumes no liability for
the use of the information contained in this document. The contents of this report reflect the
views of the contractor, who is responsible for the accuracy of the data presented herein. The
contents do not necessarily reflect the official policy of the USDOT. This report does not
constitute a standard, specification, or regulation.

The U.S. Government does not endorse products or manufacturers named herein. Trademarks or
manufacturers’ names appear in this report only because they are considered essential to the
objective of this report.

QUALITY ASSURANCE STATEMENT

The Federal Motor Carrier Safety Administration (FMCSA) provides high-quality information to
serve Government, industry, and the public in a manner that promotes public understanding.
Standards and policies are used to ensure and maximize the quality, objectivity, utility, and
integrity of its information. FMCSA periodically reviews quality issues and adjusts its programs
and processes to ensure continuous quality improvement.
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EXECUTIVE SUMMARY

The Federal Motor Carrier Safety Administration (FMCSA) revised the definition of “tank
vehicle” in 2011 to include any commercial vehicle transporting tanks (such as intermediate bulk
containers, or IBCs) of liquids or gases with an aggregate capacity of 1,000 gallons or more. The
revision of the definition of “tank vehicle” requires that a person driving a commercial vehicle
carrying an aggregate of 1,000 gallons or more in IBCs must hold a commercial driver’s license
(CDL) with a tank vehicle (N) endorsement. For more than 5 years, drivers transporting IBCs
with an aggregate capacity of 1,000 gallons or more have been required to have a tank vehicle
(N) endorsement on their CDL.

This project, which produced technical information to be considered in deciding whether to
amend the rule, included engineering modeling and testing to ascertain whether the slosh
characteristics of IBCs aggregated to 1,000 gallons or more are similar to a single cargo tank of
the same capacity. Liquid sloshing generally refers to the transient movement of liquid within a
confined space. Slosh, like any load shift, can make a motor vehicle more difficult to control.
Slosh can be in the fore-aft direction (i.e., front-to-back), from braking or accelerating, or in the
lateral direction (i.e., side-to-side), from cornering or turning.

The engineering modeling consisted of simulations of several IBC configurations, and variations
on three maneuvers, to produce slosh. The liquid slosh was simulated by both computational
fluid dynamics (CFD) and by a simplified pendulum model that could be integrated with a
commercially available model of a single-unit truck.

The effect of slosh simulated in two commonly used IBCs is summarized in Figure 1. This graph
shows the amount of force caused by liquid slosh on a vehicle during a typical lane change. The
patterned bar represents a half-full, single-bore 1,100-gallon cargo tank. It is included as a basis
for comparison. The second bar represents a pair of standard 550-gallon IBCs placed side by side
on a truck bed. The third bar represents a set of four standard 275-gallon IBCs placed at the
corners of a truck bed. The effect of slosh in the IBCs is smaller than that from the single-bore
cargo tank. Though this graph represents only one of the many cases that were simulated, the
outcome is representative. In the most severe cases, the force due to slosh in combinations of
275- and 550-gallon IBCs amounted to at most 5 percent of the total loaded weight of the
vehicle.

The simulations were supplemented by experiments where two professional tank truck drivers
drove project trucks on a test track. Both drivers had a tank vehicle (N) endorsement and more
than 20 years of tank driving experience. Both drivers felt the effects of the slosh in limited
circumstances, and occasionally reported that extra skill beyond driving a comparable weight of
dry goods was required to handle the slosh.

The effect of slosh in IBCs in the experiments and simulations was strong in cases where the
maneuvers were severe and the IBCs were purposely positioned to maximize their effect. The
effect of slosh in a set of two, three, or four IBCs of common sizes was always less in the
simulations than the effect of an equal amount of water in a single cylindrical cargo tank.
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Slosh Force (Ib)

Single-bore 1,100-Gallon Tank Two 550-Gallon IBCs Four 275-Gallon IBCs

Figure 1. Graph. Lateral force exerted by liquid slosh on a vehicle during a typical lane change. A single
1,100-gallon cargo tank is shown for reference. Two sets of IBCs, both of 1,100 gallon aggregate capacity, are
shown in solid blue. The effect of slosh in IBCs of aggregate capacity of 1,100 gallons was less than the effect

of slosh in a single 1,100-gallon tank.
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1. INTRODUCTION

This document records the research (simulations and experiments) conducted to determine the
slosh characteristics of aggregated intermediate bulk containers (IBCs) on single-unit trucks.
Liquid sloshing generally refers to the transient movement of liquid within a confined space.
Slosh, like any load shift, can make a motor vehicle more difficult to control. Slosh can be in the
fore-aft direction (i.e., front-to-back), from braking or accelerating, or in the lateral direction
(i.e., side-to-side), from cornering or turning.

Federal regulations require that drivers of cargo tank trucks hold a commercial driver’s license
(CDL) with a tank vehicle (N) endorsement. The definition of “tank vehicle” in current
regulations requires that a person driving a commercial vehicle carrying an aggregate of 1,000
gallons or more in IBCs must hold a CDL with a tank vehicle (N) endorsement. IBCs are often
used for transporting smaller amounts liquids or gases. They can be made of plastic, steel, or
other materials, and usually hold between 119 and 793 gallons.

Because simulations are less expensive than equivalent experiments and their conditions are
easier to control, a larger set of simulations in various IBC combinations was carried out.
Experiments with professional tank drivers in a truck carrying IBCs supplemented the findings
of the simulations.

1.1 BACKGROUND

Liquid loads behave differently from dry freight. The load can move in response to the motion of
the motor vehicle. Sloshing is most pronounced when a cargo tank is partly full, but even a tank
at capacity is not “shell full” because headspace needs to be left for thermal expansion. The
interaction of the liquid load and the vehicle dynamics must be appreciated by drivers if they are
to handle a liquid load safely. Therefore, the Federal Motor Carrier Safety Regulations
(FMCSRs) require special knowledge for a tank vehicle (N) endorsement, as described below:

49 Code of Federal Regulations (CFR) 383.119 — Requirements for tank vehicle
endorsement.

In order to obtain a tank vehicle endorsement, each applicant must have
knowledge covering the following:

a) Causes, prevention, and effects of cargo surge on motor vehicle handling.

b) Proper braking procedures for the motor vehicle when it is empty, full,
and partially full.

c) Differences in handling of baffled/compartmented tank interiors versus
non-baffled motor vehicles.

d) Differences in tank vehicle type and construction.

e) Differences in cargo surge for liquids of varying product densities.



f) Effects of road grade and curvature on motor vehicle handling with filled,
half-filled, and empty tanks.

g) Proper use of emergency systems.

h) For drivers of DOT specification tank vehicles, retest and marking
requirements.

i) Operating practices and procedures not otherwise specified.®)

The need for this research stems from the definition of a “tank vehicle” in the current
regulations:

Tank vehicle means any commercial motor vehicle that is designed to transport
any liquid or gaseous materials within a tank or tanks having an individual rated
capacity of more than 119 gallons and an aggregate rated capacity of 1,000
gallons or more that is either permanently or temporarily attached to the vehicle
or the chassis.®

This is the definition requiring that a person driving a commercial vehicle carrying an aggregate
capacity of 1,000 gallons or more of liquids or gases in IBCs must hold a CDL with a tank
vehicle (N) endorsement.

The current regulations define an IBC as:

...a rigid or flexible portable packaging, other than a cylinder or portable tank,
which is designed for mechanical handling.®®

Regulations sg)ecify a number of different types of IBCs. Most have a capacity between 119 and
793 gallons.

1.2 HOW INTERMEDIATE BULK CONTAINERS ARE USED IN COMMERCE

IBCs (or totes as they are nicknamed in industry) are used to transport small and moderate
quantities of liquid or gas. They are smaller than true bulk shipments that would fill an entire
cargo tank, and they are larger than 55-gallon drums or buckets. IBCs are defined in the
hazardous materials code, but they are often used to haul liquids that are not regulated as
hazardous. Figure 2 shows two sizes of poly containers (250-gallon and 330-gallon) and one size
of stainless steel container (550-gallon).

IBCs are commonly shipped by flatbed, van truck, and intermodal container. A 53-foot trailer
will typically reach its allowable gross weight with 18-20 IBCs, depending on the density of the
product. That is not enough to fill the floor of the trailer, so proper securement is important to
prevent the IBCs from shifting. When the IBCs are on a flatbed, they should be secured with
conventional straps, usually one strap per row of IBCs across the bed. IBCs are often double
stacked, especially in a 20-foot intermodal container, which can usually be filled with IBCs.



Although products in IBCs are occasionally shipped through less-than-truckload (LTL) common
carriers, they are commonly shipped together as part of a dedicated truck.

Chemical plants receiving liquid products in IBCs typically order an IBC in the size that
corresponds to one batch. If the amount of product needed does not correspond to an integer
number of IBCs, then common practice for the shipper is to fill all but one of the IBCs, and leave
only one with a partial load. It is not economical to ship the air in more than one partially filled
container per load if avoidable.

B

Figure 2. Photo. IBCs come in many kinds of construction. The most common is the poly in a steel frame, as
shown in the foreground. IBCs of stainless steel are in the background at the left. These three sizes all have a
footprint of 40 x 48 in., the same as a standard wooden pallet.

IBCs are often carried individually on smaller trucks with, for example, liquids for landscaping
or paint for road striping.

1.3 OVERVIEW OF THE RESEARCH

The engineering study consisted of computer simulations and driving experiments on a test track.
In both the experiments and the simulations, IBCs half-filled with water were mounted in a two-
axle truck. Identical simulations were run twice—once with the water free to slosh and once with
a rigid load with size and weight identical to the water. Experiments were run only with sloshing
loads. The trucks on the test track were driven by experienced tank drivers, who compared the
sloshing behaviors they experienced on the test track to sloshing behaviors they had experienced
while transporting bulk tank loads in a real-world driving environment.



The research team developed computer models of liquid cargoes that were half-filled IBCs of
two sizes. The IBCs had a nominally rectangular footprint. Simplified models of slosh were used
so that they could be combined with the dynamic model of a truck. The simplified models were
verified by comparison with more sophisticated computational fluid dynamics (CFD) models.
The simulated vehicle executed maneuvers of stopping, turning, and obstacle avoidance to
explore the interaction between the dynamics of the aggregated IBCs and the dynamics of the
vehicle.

1.3.1 Literature Review

A literature review was completed early in this study to document the current state of knowledge
on the following topics:

e The effects of slosh in aggregated liquid containers on vehicle dynamics.
e Slosh analysis methods.

e Driver training and qualifications needed for transport of aggregated liquid containers.

Researchers identified an abundance of research pertaining to slosh analysis methods, but no
examples of these methods being applied specifically to slosh in aggregated containers. Several
publications provided information that could be used to deduce some of the effects of slosh in
aggregated containers, but the overall knowledge of the topic is insufficient for drawing any firm
conclusions. Moreover, no research was found pertaining to driver training or qualifications
needed when transporting aggregated liquid containers.

Despite the lack of previous research on slosh in aggregated containers, this literature review was
useful in two ways:

e It confirmed the gap in knowledge related to transport of aggregated liquid containers.

e It was successful in identifying and evaluating potential slosh analysis methods to be
used later in this project.

1.3.2 Experimental Work

The experimental work was carried out at the Transportation Research Center, Inc. (TRC Inc.),
near Marysville, OH. Two 550-gallon IBCs were loaded on one truck and four 275-gallon IBCs
on another truck, so both trucks had an aggregate capacity of 1,100 gallons. The trucks were
driven through a series of planned maneuvers to induce slosh, similar to the maneuvers in the
simulations. The drivers compared the feel of sloshing in IBCs with the turning and braking
performance of the bulk tank loads they had driven in their careers. The maneuvers were not
intended to approach the limits of vehicle stability, and outriggers were not necessary.

Although the simulations and experiments were run under comparable conditions, the
experiments were not formally used to verify the computer models.



1.3.3 Independent Review

Independent review was an important part of this study. Following the literature review, the
research team developed a draft research plan, which outlined the test matrix for the simulations
and experiments and specified the maneuvers and the sizes of the IBCs. Modifications to the
research plan were applied upon receipt of comments from FMCSA. The research team then
convened a panel of independent reviewers—an experienced tank driver and a professor with
expertise in sloshing—who met with project staff and two representatives from FMCSA to
critique the research plan. Subsequently, two additional professors, from different institutions,
read the plan and submitted written comments. The independent reviewers agreed that the overall
plan was sound for answering the overall questions within the budget and time constraints. They
offered constructive suggestions, which were incorporated into the plan. After completing the
research, the research team drafted a final report and revised the report in response to comments
from FMCSA. The same four review panel members commented on the revised report. Three of
the reviewers met with FMCSA and the research team to discuss the research and its findings.
The research team made minor revisions following the review and submitted the final version of
the report to FMCSA for publication.
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2. APPROACH

Complementary approaches in simulation and experimentation were used to assess the effect of
slosh in IBCs on the vehicle and the driver’s assessment of the effect of the slosh. The
simulations yielded quantitative results to be analyzed, and the experiments sought drivers’
perspectives.

The container configurations were selected to represent IBCs that are frequently used in
commerce. Two sizes were obtained for the experiments, and the simulations modeled containers
approximating the size and weight of those containers. In both the simulations and experiments,
the IBCs were on single-unit trucks at the lower threshold of weight for a CDL. Three classes of
maneuvers were selected to produce slosh in different directions.

This section outlines the commonalities between the simulations and the experiments and
discusses the attributes of the containers, vehicles, and maneuvers. The details of preparing the
simulations and their results are discussed in Section 3. The procedures for the experiments and
their results are in Section 4.

Table 1 summarizes the test matrix of the entire project. There were four tank configurations—
one of a conventional cargo tank and three combinations of IBCs. All of the configurations were
in the simulations; two were in the experiments. There were three maneuvers in both the
simulations and the experiments. All were run with a number of variations, such as speed and
path. All simulations were run with a sloshing liquid and again with a rigid solid, for a direct
comparison of sloshing and not sloshing. The experiments had only the sloshing liquid. The
liquid loads were filled to half capacity, as this is known to produce the most intense sloshing.®

Table 1. The test matrix provided for four tank configurations, three maneuvers, and two load conditions.

1 x 550
gallons
+ Lane Rigid
1x1,100 2 x 550 4 x 275 2x 275 Stop Curve Change | Slosh | Solid
Approach gallons gallons gallons gallons Maneuver | Maneuver | Maneuver | Load | Load
Simulation Yes Yes Yes Yes Yes Yes Yes Yes Yes
Experiment No Yes Yes No Yes Yes Yes Yes No

2.1 CHARACTERIZING SLOSH: SIMULATION AND EXPERIMENTS

Part of the research was computer simulations. Calculations predicted how a two-axle truck
would be affected by a tank with sloshing liquid. The advantage of simulations is that many
cases can be analyzed quickly. With computer simulations, it is possible to vary only one thing at
a time. Other conditions—the pavement, the weather, and the truck—can be held the same from
run-to-run.

The research team used a commercially available package to model the truck dynamics. Two
approaches were used for the liquid dynamics. The IBCs that were in the experiments and most
other cases were modeled with a simplified sloshing model that was integrated with the truck
model. (Section 3 and Appendix C explain how this was done.) The single 1,100-gallon tank and



a limited number of other cases had slosh that was so significant that a more comprehensive
liquid dynamics model was necessary. In these cases, accelerations from the truck model were
applied as input to the CFD model of the liquid in the larger tank.

Experiments on a test track were run in parallel with the simulations. Experienced tank drivers
drove configurations that were similar to some of the simulations. They described the slosh of
water in IBCs and assessed the skill levels required to handle the truck with the IBCs. The
purpose of the test track experiments was to provide a driver-related assessment of the effects of
slosh; it was not intended to be a verification of the simulations.

2.2 EQUIPMENT: CONTAINERS AND VEHICLES

The containers and vehicles were selected to be at the lower weight threshold for which a CDL
with a tank endorsement is required (i.e., a gross vehicle weight rating [GVWR] of 26,000
pounds). The aggregate capacity in all simulations and experiments was 1,100 gallons. The
simulations and experiments were run with no load other than the half-filled tanks, to give the
slosh the greatest opportunity to affect the vehicle dynamics.

IBCs are manufactured in a variety of different sizes. Two commonly manufactured sizes include
275-gallon capacity and 550-gallon capacity IBCs. Four 275-gallon IBCs can carry 1,100
gallons, as can two 550-gallon IBCs. Therefore, the reference container was a single tank with a
capacity of 1,100 gallons. The simulations and experiments were run with no load other than the
half-filled tanks, to give the slosh the greatest opportunity to affect the vehicle dynamics. The
tank configurations used in the simulations and the experiments are listed in Table 2.

The 1,100-gallon cargo tank is a reasonable representation of a truck in commerce. A
manufacturer provided the research team with the overall dimensions and tare weight of a truck
with a vacuum tank having a capacity of 1,250 gallons. It has a wheelbase of 189 inches,
somewhat smaller than the 253-inch and 261-inch wheelbases of the trucks rented for the
experiments.

Two arrangements of IBCs on the bed of the truck were used in the experiments. The two
550-gallon IBCs were mounted side-by-side at the rear of the truck (as shown in Figure 3), and
the four 275-gallon IBCs were in the four corners (as shown in Figure 4). These two
arrangements of the containers and several others were modeled in the simulations.

A number of arrangements of IBCs were simulated. Figure 5 shows the arrangement for the
1,100-gallon cargo tank; it was centered in the bed of the truck. (Note that these figures are
looking down at the truck interior. The cab is to the right. The silhouette of the rear axle is shown
dotted.) As shown in Figure 6, simulations were run with four arrangements of the two 550-
gallon IBCs. The arrangements of the four 275-gallon IBCs are shown in Figure 7. When both
sizes of IBCs were simulated together, they were in one of the arrangements shown in Figure 8.



Table 2. Four configurations of tanks used in simulations and experiments.

2 of 275 gallons

IBCs

Fore-aft Side-side Height
Internal Internal Internal
Total Dimensions | Dimensions | Dimensions Arrangements
Tank Capacity of one tank | of one tank of one tank on the Truck
Configuration (gallons) (inches) (inches) (inches) Comments Bed Simulation Experiment
1 cargo tank of 1,100 121 54 54 Reference case | See Figure 5 C N/A
1,100 gallons
2 IBCs of 550 1,100 42 48 65 Simple case of | See Figure 6 P X
gallons each two IBCs
4 IBCs of 275 1,100 37 45 40 Smaller IBCs | See Figure 7 P X
gallons each
1 1BC of 550 and 1,100 See above See above See above Mixed sizes of | See Figure 8 P N/A

Note 1: All IBCs were essentially square or rectangular when viewed on one of their axes. The single tank of 1,100 gallons was a cylinder 54 inches in
diameter. Its cylindrical section was 100 inches, and its spherical end caps extended the overall length to 121 inches.
Note 2: Two simulation approaches were used. Where the tanks could be reasonably approximated by a pendulum, then an integrated model of a truck with

two or more pendulums representing IBCs was used. These cases are indicated by a “P” in the “Simulation” column. Where CFD was required to
represent the slosh properly, the CFD model was run separately from the truck path model. These cases are indicated by a “C” in the “Simulation”

column.

Note 3: Only the two configurations marked by an “X” in the “Experiment” column were included in the experiments.

Note 4: Containers were half filled with water in all cases, for a total of 550 gallons. The water was free to slosh in all of the experiments. All simulations
were run twice, once with the water modeled as sloshing and once with an equivalent rigid load.




Figure 3. Photo. The two 550-gallon IBCs were mounted at the rear of the truck. (The strap that held them in
place during the tests is not shown in this photo.)
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Figure 4. Photo. Two of four 275-gallon IBCs were visible in the rear of the truck; the other two were at the
front of the truck. The truck had just completed a lane change maneuver.
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Figure 5. Sketch. The 1,100-gallon single-bore cargo tank was positioned at the center of the truck bed for the
models.
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Figure 6. Sketch. The simulation models were run with the two 550-gallon IBCs in four different
arrangements. The experiments were run with the IBCs in the rear of the truck bed, the upper arrangement
in the figure.

_/

Figure 7. Sketch. The simulation models were run with the four 275-gallon IBCs in two different
arrangements. The experiments were run with the IBCs in the four corners of the truck bed, the upper
arrangement in the figure.
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Figure 8. Sketch. The simulations were run with two arrangements of mixed sizes of IBCs. The 550-gallon
IBC (red) was always in the left rear of the truck bed. The two 275-gallon IBCs (blue) were on the left side
with the 550-gallon IBC or both in the front of the truck bed.

The vehicles in the simulations and the experiments were single-unit van trucks with a GVWR of
25,500 pounds. Their beds were nominally 24 feet long by 7.5 feet wide. The two trucks rented
for the experiments were the largest size available from a company that serves the consumer
market. The dimensions, mass distribution, and suspension properties of the vehicles in the
simulations roughly approximated those in the experiments.

2.3 MANEUVERS

Three maneuvers were selected to produce the sloshing. The maneuvers were similar in the
computer simulations and in the experiments on the test track. A hard stop and a sudden
deceleration in traffic were intended to produce fore-aft sloshing in the IBCs. A turn toward a
freeway exit ramp will cause the liquid to move toward one side of its container and make the
vehicle lean outwards. There were two versions of a lane change, with the second being more of
an avoidance maneuver. These maneuvers were planned to create a rocking motion in the truck.
A variation on the stopping maneuver was applied for the second of the two drivers.

Table 3 summarizes the maneuvers; they are described more fully in the following paragraphs.
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Table 3.

This project had four basic maneuvers.

Number | Maneuver | Parameters in the Experiments Possible Effect of Slosh Metrics in the Simulations Simulations | Experiments

la Stop ata 35 miles per hour (mi/h) to Surges the truck forward Liquid: Longitudinal force X X
Red Light stopped in 69-184 feet following the stop. Vehicle: Stopping distance

1b Deceleration | 50-20 mi/h Pitch oscillations make the N/A N/A X
in Traffic truck difficult to steer.

2 Entrance to | 60 mi/h in a 45-mi/h curve ; Movement to the side of the | Liquid: Lateral force X X
a Steady 50 mi/h in a 37-mi/h curve tank can lead to rollover. Vehicle: Lateral load transfer
Curve from tires on the inside to the

outside

3 Lane 12-foot change over 171 feet Side-to-side sloshing makes | Liquid: Lateral force and yaw X X

Change traveled; the truck difficult to steer moment

3-foot change over 86 feet
traveled

and may roll it over.

Vehicle: Lateral load transfer
from tires on the inside to the
outside

Notes: The third column lists the parameters for the experiments. The simulations covered a broad range that included the experimental conditions. The
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exact conditions are noted in the following pages. All maneuvers had two metrics to assess the results of the simulations. One metric quantified the slosh
itself, and one quantified the vehicle’s response. The metric for the slosh was the ratio of the force exerted on the vehicle by the liquid to the force
exerted by the equivalent rigid load. The direction of the force corresponded to the maneuver, as noted in the table. The metric for the vehicle response
was also chosen to be appropriate for the maneuver.




2.3.1 Stop at a Red Light

The simplest maneuver is a sudden stop from 35 mi/h. This is common when a traffic signal
turns to red. The liquid will surge forward as the vehicle is slowing. It will return to the rear of
the tank when the vehicle is stopped, and it will surge forward again. A professional driver
knows the importance of keeping a foot firmly on the brake after the truck stops so the surge
does not push the vehicle into the intersection. This maneuver was on a straight path.

The drivers in the experiments were instructed for the first stop to brake as hard as they normally
would for a red light. On subsequent stops, they were asked to use harder braking to produce
more slosh. The instructions were to brake as they would once a week or once a month. With
these purposely qualitative instructions, one driver braked harder than the other. The stopping
distances ranged from 58 to 184 feet. The stopping distances for the simulations ranged from 55
to 222 feet. Traffic engineering guidelines assume a braking distance of 118 feet for timing the
yellow phase of a traffic signal on a street with a speed limit of 35 mi/h. See Appendix B for a
fuller discussion of the range of braking distances.

The simulation compared the surge forces in the different IBC configurations. On the test track,
the drivers described whether they felt the surge in the tanks.

After a few runs of this maneuver on the test track, the drivers were instructed to stop the truck
and then immediately release the brakes. The effect of surge on the vehicle’s motion was
observed by video recording the truck’s motion and measuring the total movement after the stop.

2.3.2 Sudden Deceleration in Traffic

The “sudden deceleration in traffic” maneuver was not included in the simulations and it was not
driven by the first driver. It was added for the second driver following the first driver’s
observation that the slosh was felt strongly only after braking.

The deceleration maneuver was similar to the stop, but the truck continued after it slowed down.
The maneuver duplicates a situation where a truck on a highway suddenly encounters slowed
traffic. The truck began at 50 mi/h in a straight path. The driver braked and quickly slowed the
truck to approximately 20 mi/h. In the first two runs, the driver continued to follow a straight
path. On subsequent runs, the driver attempted a lane change after releasing the brake.

The intent here was to induce fore-aft slosh in the IBCs and learn whether the driver can feel the
slosh and whether slosh inhibits the driver’s ability to control the vehicle.

This was the only maneuver that was not quantified. The deceleration rate was not measured, and
the lane changes were without cones so that the beginning and ending points of the lane change
were left to the driver’s discretion.

2.3.3 Curve on an Exit Ramp

The next maneuver was an entrance to a steady curve at a high speed. A liquid load will ride up
on the side of the tank as shown in Figure 9, which shows the profile of a gasoline tank. Because
the mass of the load moves toward the outside of the curve, its effect is to destabilize the vehicle.
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Figure 9. Sketch. The static position of the liquid is level (left). The liquid rises up the side of the tank on the
outside of a curve in a steady-state sloshing condition (right).

The neutral speeds on the two curves of the vehicle dynamics area (VDA) at TRC Inc. are 34
mi/h on the north turnaround loop and 47 mi/h on the south loop. The truck drove laps around
the VDA, at first entering each loop at its neutral speed. As the truck continued its laps, it entered
each loop at successively higher increments of 5 mi/h. The goal was to cause the liquid to move
within the tank, but not endanger the truck.

The simulations were run at a greater variety of speeds and curvatures. The test matrix is shown
in Table 4. For simplicity in developing and understanding, the simulations of this maneuver
were all on level pavement with no banking (super elevation). The path began as a straight line,
with a spiral into the constant-radius curve, as shown in Figure 10.

Table 4. Roads of three curvatures were built for the simulations; all three were simulated at three speeds.

Curvature | Curvature | Curvature | Curvature | Curvature | Curvature | Curvature | Curvature | Curvature

Variable la 1b 1c 2a 2b 2c 3a 3b 3c
Curve radius 900 ft 900 ft 900 ft 764 ft 764 ft 764 ft 575 ft 575 ft 575 ft
Speed 35 mi/h 45 mi/h 55 mi/h 35 mi/h 45 mi/h 55 mi/h 35 mi/h 45 mi/h 55 mi/h
Lateral 0.09 0.15 0.22 0.11 0.18 0.26 0.14 0.24 0.35

acceleration
(gravitational
units)

The greatest peril to a truck on a steady curve is rolling over toward the outside of the curve. In
the simulations, the amount of weight that shifted from one side’s tires to the other side was
calculated, as explained under the heading on performance metrics. The drivers in the
experiments told the researchers how strongly they felt the slosh.
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Figure 10. Screenshot. The simulated paths were a spiral into a constant curvature on level ground.

2.3.4 Lane Change

The final maneuver was a lane change. A vehicle at highway speed suddenly changed lanes as in
an avoidance maneuver. This caused the liquid to move first to one side of the tank and then
suddenly to the other side. The dynamics of the slosh can impart significant roll and yaw
moments on the vehicle. That is to say, it can make the vehicle roll over or at least be hard to
steer.

The lane change path was based on the single lane change maneuver defined in International
Organization for Standardization (ISO) 14791:2000, Road vehicles—Heavy commercial vehicle
combinations and articulated buses—Lateral stability test methods. Figure 11 is an example of
the lane change. The path began with the truck in a straight line at the test speed. As with the
curve maneuver, the lateral load transfer was calculated for the simulations of the lane change.
Drivers described the behavior in comparison to a cargo tank in regular service.

The conditions of the lane changes in the simulations are shown in Table 5. There were two
geometries. One was a normal lane change of 12 feet, which occurred over a distance of 176 feet.
The other geometry was more of an avoidance maneuver, where the path shifted 3 feet to the side
over a distance of 88 feet. The standard explains how minor differences in the downrange
distance could be used to set the peak lateral (side-to-side) acceleration experienced by the
vehicle. The lane change produces an oscillation, and the frequency of the oscillation, calculated
according to the standard, is in the table.

The conditions shown in the table are those that were simulated. In the experiments, cones were
laid out for both of the geometries. Figure 12 is a photograph of the cones arranged to guide the
driver through the 12-foot lane change. Drivers took the two trucks through the cones at
successively higher speeds until they reached 55 mi/h.
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Figure 11. Graph. The single lane change was planned to simulate side-to-side sloshing.

Table 5. Conditions for the lane change maneuver.

180

Lane Change | Lane Change|Lane Change | Lane Change|Lane Change | Lane Change

Variable la 1b 2a 2b 3a 3b
Speed 35 mi/h 35 mi/h 45 mi/h 45 mi/h 55 mi/h 55 mi/h
Sideways path shift 12 ft 3ft 12 ft 3ft 12 ft 3ft
Peak lateral acceleration 0.2 0.2 0.35 0.35 0.5 0.5
(gravitational units)
Downrange distance to 176 ft 88 ft 171 ft 85 ft 175 ft 87 ft
make the change
Frequency of excitation 0.29 Hz 0.58 Hz 0.39 Hz 0.77 Hz 0.47 Hz 0.92 Hz

Figure 12. Photo. The cones were arranged to direct the driver to make a 12-foot lane change over a distance
of 171 feet. The four cones for the entry gate are in the foreground. The set of cones for the exit gate is by the
sport utility vehicle.
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3. SIMULATIONS

The simulations of liquid motion used a combination of simplified models (a pendulum) and full
CFD. The pendulum models could be integrated with the truck model to form a single, combined
model where the truck and the liquid would affect each other. The CFD was not integrated with
the truck model, but a container was simulated as it moved on a path identical to what the
simulated truck had followed.

The simulation part of the project consisted of two stages of model validation and multiple
approaches to using the models in the simulation. Two models of the liquid sloshing were used,
and they were applied to the truck dynamics in different ways.

The model of the truck itself was built in TruckSim, a commercially available truck dynamics
modeling software that is widely accepted in industry and academia.” The TruckSim model of a
single-unit vehicle was integrated with the simplified model of sloshing. A single model of the
truck and IBCs calculated their effects on each other. The modeled vehicle was a two-axle
single-unit truck (also known as a straight truck). It was similar to the two trucks used in the
experiments and was simulated with different configurations of tanks.

The basis for comparison was a single 1,100-gallon cargo tank. There were three combinations
of sizes of IBCs, each in different arrangements on the bed of the truck. In each combination, the
total capacity was 1,100 gallons. Half of the simulations were run with containers half full with
water that was free to slosh. In the other half of the simulations, the weights and placements were
identical, but the water was replaced with a model of a solid block of the same size and weight.
This way, the effect of sloshing in the various combinations of IBCs could be compared with the
behavior of a non-sloshing load.

The CFD models were used in two ways in this project. First, they were used to corroborate the
simplified pendulum models. Second, CFD was used as the only way to model slosh in cases of
extreme liquid motion with part of the liquid splashing away from the rest of the liquid. This was
necessary only for the single-bore 1,100-gallon tank, where the liquid motion was too large to be
represented by the pendulum model.

This section describes the simulations. The next section describes the experiments run on the test
track.

3.1 TRUCK MODEL

The TruckSim software package allows engineers to develop with efficiency the mathematical
equations that describe the motion of heavy vehicles. A simulation case is established by
parameters to describe the vehicle, road, and maneuver. TruckSim uses the information to carry
out accurate simulations that predict the forces on vehicle components and the resulting motions.
TruckSim simulations generate a variety of data including animation of the vehicle motion.

"TruckSim was developed by the Mechanical Simulation Corporation, out of Ann Arbor, MI.

19



These animations are helpful in: 1) qualitatively confirming that the equations of motion are
correct, and 2) qualitatively evaluating the performance of the vehicle. A frame from a TruckSim
animation is shown in Figure 13. Other data, such as vehicle position or tire forces versus time,
are useful for quantitative evaluation of a vehicle’s performance.

Figure 13. Screenshot. One frame of a TruckSim animation.

The parameters in the TruckSim model were set to describe one of the trucks used in the
experiments. Dimensions that were set included wheelbase, track width, and position of the bed
relative to the axles. These all corresponded to the values in Table 6. The mass in the model was
distributed to approximate the four wheel loads measured for the empty vehicle. The suspension
properties were selected to approximate the properties specified online for the approximate make
and model of the truck. Other parameters of the truck model were the default properties in
TruckSim for a two-axle van body truck.

3.2 SIMPLIFIED PENDULUM MODEL

In the majority of cases that were modeled, the top surface of the liquid remained calm and no
part of the liquid splashed away from the rest. This simpler case can be modeled by a pair of
masses. One mass remains fixed at the bottom of the container, representing the liquid that does
not move much during the slosh. The upper mass is on a pendulum, and it represents the moving
part of the liquid. This method is illustrated in Figure 14.
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Figure 14. Sketch. Illustration of the pendulum method for modeling slosh in a rectangular container.

Appendix C presents the mathematics used to develop the pendulum model. The models for the
275-gallon and 550-gallon IBCs were identical in form, with the masses and dimensions changed
to represent the two sizes.

The model was coded in Simulink,"” which was integrated with the truck model. One instance of
the pendulum represented each container. In the cases where four IBCs were mounted in the bed
of the truck, there were four independent pendulums running simultaneously. At each instant in
time as the computer model ran, the truck model calculated the position and orientation at the
base of every IBC. This information was passed to the pendulum models, which calculated the
force of the liquid against the container at that location. The forces from the IBCs were
combined into one set of forces and moments that the IBCs exerted against the truck at that
instant in time. The simulated truck and its cargo proceeded down the path, each influencing the
other’s motion.

A CFD container model (which was the same size and shape of the IBC modeled by a pendulum)
was subjected to the same motions as the simplified pendulum model. The forces and moments
that the liquid exerted against the container in the two models were compared. Confidence in the
CFD itself came from using an accepted package and by scrutinizing the selection of the
modeling mesh. Figure 15 shows the force exerted by the liquid on the container as calculated by
a CFD model and a pendulum model. This is the case of a half-filled 275-gallon IBC undergoing
a lane change at 40 mi/h. The two agree well. Similar comparisons for other maneuvers and the
550-gallon IBC are in Appendix C.

" Simulink is a graphical programming environment for modeling, simulating and analyzing multi-domain dynamic systems. Simulink was
developed by Mathworks, out of Natick, MA.
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Figure 15. Graphs. The force of the sloshing water against an IBC was simulated for a lane change at 40 mi/h.
The force (left) and roll moment (right) were simulated for a 275-gallon IBC. The force and moment about
the bottom center of the tank predicted by the pendulum (blue lines) match the force and moment predicted
by CFD (green line).

3.3 COMPUTATIONAL FLUID DYNAMICS MODELS

Modeling the liquid began with a CFD model. Models of various geometries of IBCs were
moved through paths of the three test maneuvers. The CFD models showed that the liquid
motion in the IBCs was moderate, even in severe maneuvers, and therefore amenable to
calculating by the simplified model. In these cases, the CFD results were used to confirm the
pendulum results in representative cases, and the pendulum models were integrated with the
truck model. Containers with larger dimensions (generally longer than 80 inches in the direction
of significant acceleration) experienced slosh that could not be represented by the simplified
model. In these cases, the sloshing forces were compared manually with other forces on the truck
in each maneuver.

Even with dedicated CFD software and sufficient computing power, CFD is a rigorous process.
While the meshing process can be automated, each simulation requires attention from the
engineer to assure high quality generation. It also requires significant effort and evaluation of
each result to assure it has fully converged and is numerically stable. One of the biggest
drawbacks to CFD is the time required to run a simulation, especially with the large number of
cells often required in free surface simulations (such as what was used for this project).

CFD is useful when a highly accurate prediction of liquid motion is needed. However, CFD is a
time-consuming process, especially when predicting the motion of numerous situations. It is also
extremely difficult to couple the CFD solver to a tool like TruckSim.

A sample result from the CFD simulation is shown below in Figure 16. This figure shows the
predicted water interface for the 1,100-gallon tank during a simulated red light stop. The truck is
moving generally from left to right. More information on the CFD model is in Appendix D.
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Figure 16. Screenshot. Visualization of transient simulation showing water interface of 1,100-gallon tank at
four instants during a simulated stop at a red light (35 mi/h to stopped in 150 feet).

3.4 PERFORMANCE METRICS

The output of the liquid models was the force that the sloshing liquid applied to the vehicle.
Quantitative performance metrics were used to assess the effect of slosh in the various IBC
configurations on the truck. Each maneuver was interpreted through two metrics. One was the
force that the slosh in the combined set of IBCs applied to the vehicle. The other metric was a
response of the vehicle. The first metric, the excess force due to slosh, is a direct measure of the
slosh. It can be readily applied to different vehicle cases, for example, a truck of similar size but
with a rigid load in addition to the few IBCs. Similarly, the effect of mounting, for example,
twice as many IBCs on the truck can be calculated. The purpose of the vehicle-related metric is
to put the slosh in context by showing how it would affect the vehicle, the driver, or surrounding
traffic. These metrics were introduced in Table 3 and are explained in greater detail here.

Of the three maneuvers, the stop at a red light is the simplest to interpret. The maneuver
produces slosh in the fore-aft direction, so the force in this direction was tabulated and compared
between conditions. The vehicle measure for the stopping maneuver was the stopping distance.
The stops were produced in the simulation by applying a fixed pressure in the brake line. Any
variability in the stopping distance is due to the vehicle’s response. In a mathematical model, the
tires, suspension, and other features are exactly identical from run to run. Therefore, the
difference in stopping distance with a sloshing load and distance with a rigid load is due to the
effect of the liquid.
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For the exit ramp and lane change maneuvers, the side-to-side slosh was the most important
direction. A truck that takes a curve too fast is prone to roll over, and liquid riding up on the side
of the tank (Figure 9) increases the propensity to roll.

The vehicle measure for the exit ramp and lane change maneuvers was the lateral load transfer
ratio. When an evenly loaded truck is driving on straight, level road, the loads on its tires are the
same on both ends of the rear axle. In a steady or transient curve, the trailer will lean and some of
the load will transfer from the tires on one end of the axle to those on the other end. If the load

on one side falls to zero, the result can be a rollover. The formula for calculating the lateral load
transfer ratio of an axle is shown in Figure 17:

LTR= (| FR-FL [)/(FR+FL)

Figure 17. Equation. Load transfer ratio
where:

FL is the vertical force on the left-side tires and
FR is the vertical force on the right-side tires.

When an evenly loaded vehicle is driving straight on level road, the ratio on both axles is zero.
When the load on one end of the axle is completely removed, the ratio is one. A ratio of one
means that a set of tires has lifted from the pavement momentarily, but it does not necessarily
mean that the truck has rolled over. The load transfer ratio depends strongly on the properties of
an axle’s suspension. The actual value of a load transfer ratio in a simulation has little meaning;
the change in load transfer ratio between a rigid and a sloshing load is meaningful. Clearly, a
lower ratio means the vehicle is more stable in the maneuver.

3.5 RESULTS

The effect of the slosh was apparent in many of the simulations. The slosh in IBCs had a minor
effect on the path or stability of the vehicle. The slosh in the single-compartment 1,100-gallon
cargo tank was evident in the stopping maneuver and the more severe lane changes.

During the stopping maneuver, the liquid sloshed back and forth in the IBCs, causing a small
pulsating force against the truck. The stopping distances of the trucks with IBCs was
imperceptibly different from simulations where an identical brake pedal input was applied to a
corresponding rigid load.

The curve entry maneuver did not strongly distinguish between rigid and sloshing loads.

In the lane change maneuver, the dynamic forces from the slosh in the 1,100-gallon cargo tank
were several times greater than those from any of the IBC arrangements. In the most extreme
conditions of the lane change maneuver, the sloshing contributed toward momentarily relieving
the load on one of the tires, but only in cases where the equivalent rigid load almost did so.
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3.5.1 Stop at a Red Light

When a vehicle is traveling straight ahead at a steady speed, its load presents essentially no
forward force on the vehicle. As the vehicle brakes at a uniform deceleration, a rigid load will
apply a uniform force against the vehicle in the forward direction. This effect is visible in the
dotted red line in Figure 18. This is the stop from 35 mi/h with two 550-gallon IBCs in the rear
of the truck. The truck began braking at the 2-second mark, and the dotted red line went up to
approximately 2,000 pounds. Considering the dynamics of the braking system on the truck, the
deceleration does not instantly jump to its peak value, nor does it remain constant at that value.
The dotted red line has a rounded rising edge, and it tapers slowly during the stop.

The solid line in the figure represents the combined force applied by the slosh in two IBCs. It
rises the same as the force from the rigid load, but then continues to rise as the liquid moves
toward and pushes against the front of the containers. When the liquid has sloshed back toward
the rear surface of the container, the solid line indicates that the force from the IBCs is
momentarily less than what the rigid load is providing. When the truck comes to a stop, at about
6 seconds, the force from both loads goes to zero. The forces continue to oscillate as both loads
work with the truck’s suspension and the liquid continues to slosh. The suspension-related
oscillation diminishes quickly, while the liquid continues to slosh. The highest force from the
continuing slosh is about 800 pounds, which is a small force on a truck with a loaded weight on
the order of 20,000 pounds. This delayed slosh force occurs about a second after the vehicle
comes to a stop.
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Figure 18. Graph. Force exerted on the truck by the two 550-gallon IBCs during a brake to stop (from 35
mi/h in 100 feet).

Figure 19 shows the cargo force produced by a single 1,100-gallon tank in the same braking
maneuver. The effect is different from that of the 550-gallon IBCs in two ways. The first and
most obvious is that the peak force produced by the single 1,100-gallon tank is about 500 pounds
greater even though quantity of liquid is the same. The more subtle difference is that the
oscillations in force are occurring at a much lower frequency. This is important after the vehicle
comes to a stop because the slosh will be more delayed and therefore more likely to catch the
driver off guard.
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Figure 19. Graph. Force exerted on the truck by a single 1,100-gallon tank during a brake to stop (from 35
mi/h in 100 feet).

It can be seen in Figure 18 that, although the liquid force oscillates, the average force during
braking is approximately the same whether the cargo is liquid or rigid. If the two forces have
approximately the same average, then the stopping distance of the two cases will be about the
same. The stopping distances of the two cases were both between 103 and 104 feet, a difference
that is insignificant.

The stopping distances of all the simulations are shown in Figure 20. A constant brake force was
applied in all simulations, so the differences in stopping distance are due to the differences in the
load. In all pairs, the difference in stopping distance between the liquid load and the rigid load
was less than 1 foot. The figure has no bar for the truck with the 1,100-gallon cargo tank. The
CFD model necessary to simulate this larger container could not be integrated with the truck
model. (This figure presents the results from one of the stopping maneuvers graphically.
Numerical results of all simulation cases are presented in Appendix E.)
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Figure 20. Graph. Stopping distances calculated by the simulations, in feet.

A metric of the simulation that is more directly related to the liquid itself is the amplitude of the
sloshing force that the cargo exerts against the truck. If the force amplitude is considerably large,
then the driver might feel the sloshing and conceivably have to take action to keep the vehicle
stable. Figure 21 shows the amplitude of the sloshing force for every configuration during the
nominal 100-foot stops from 35 mi/h. In no case did the slosh amplitude in the IBCs become
comparable to that of the single tank. The largest amplitude that occurs in the IBCs is 488
pounds. Such a small variation against a truck with loaded weight on the order of 20,000 pounds
would not be significant, so it should not impair the driver’s ability to control the vehicle.
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Figure 21. Graph. Amplitudes of oscillating slosh force while braking to a stop (from 35 mi/h in 100 feet).
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3.5.2 Curve on an Exit Ramp

A vehicle in a steady curve leans toward the outside of the curve. While in the curve, the tires on
the side of the truck on the outside of the curve carry an extra share of the truck’s weight. If
liquid in a tank is free to move within the tank, it will move toward the outside of the curve and
increase the transfer of weight from the tires on one side of the truck to the tires on the other
side. The quantities of most interest in the simulations of an entry to a steady curve were: 1) the
amount of sideways force that the cargo applies to the truck, and 2) the amount of weight
transferred from the tires on one side of the truck to the tires on the other side.

Figure 22 shows the lateral force applied by the loads to the truck as it enters and negotiates a
curve. The speed of the truck is 55 mi/h and the radius of the curve is 575 feet, so the nominal
lateral acceleration is 0.35 gravitational units. As with other cases, what is shown is the net
combined force of all of the IBCs. Figure 22 shows the lateral force applied by four 275-gallon
IBCs secured on the left side of the truck bed. Because the curve goes to the right, having all of
the IBCs on the outside of the curve is where they will have the most effect. The lateral force
rises as the truck drives the spiral into the curve. After a slight peak, the force settles into a
steady value while the truck is in a constant curvature. In steady state, the solid line for the liquid
load oscillates slightly above and below the dotted l